A pproximAtely 11,000 spinal cord injuries occur each year in the United States. 1 In underdeveloped countries the number of new spinal cord injuries per million persons in the population is likely to be greater than in developed countries. In Brazil, it is estimated that 8.6% of all beds in public hospitals are occupied by patients with spinal cord injuries, and approximately 11,000 new cases occur each year. 22, 26 These injuries are occurring with increasing frequency even in developed countries.
nerve regeneration in the central nerve system. 10 Because cure is not possible, rehabilitation has focused on training of compensation techniques. 10 In a recent survey, 50% of 347 patients with tetraplegia indicated that recovery of arm/hand function would be crucial to improve their quality of life. Another 11% of the patients ranked increased upper body/trunk strength and balance as most important. Regaining "walking movement" was the highest priority for only 8% of the patients. 1 Reconstructive upper-extremity tendon transfer surgeries emerged in the 1950s to optimize function by improving elbow extension and grip and pinch strength. 23 Following surgery, range of motion and grip and pinch strength may improve considerably, and individuals may complete daily living and leisure activities more quickly and efficiently. 14, 15 Despite documented improvements, tendon transfer surgery is offered to and finally performed in a very restricted number of patients. 24 It is possible that the need for several surgeries and immobilization periods limit physiotherapists' recommendations and patients' acceptance for tendon transfer surgery.
More recently the use of distal nerve transfers has emerged as an adjunct therapy to improve upper limb function in patients with tetraplegia. 6, 12 In this strategy, by crossing peripheral nerves, axons from motoneurons that originate above the lesion level and have functional cortical drive are rerouted to reinnervate target muscles that are normally innervated by motoneurons located below the spinal cord lesion. In patients with midcervical spinal cord injuries, distal nerve transfer resulted in predictable restoration of elbow and finger extension with a single surgery, no postoperative casting, and only 1 day of hospitalization. 6 We now report our results for restoration of finger flexion using nerve transfers in patients with tetraplegia.
Methods
The ethics committee of the University of the South of Santa Catarina (Unisul) approved the protocol of the clinical trial in advance of any data collection. Patients provided verbal informed consent before participation, in accordance with the Declaration of Helsinki.
Between July 2011 and December 2013 a consecutive series of 9 patients (8 male and 1 female; mean age 28 years, SD 15 years) underwent bilateral single surgery for restoration of upper limb function. In 17 upper limbs, elbow, thumb, and finger extension together with finger flexion were restored via nerve transfers. In one of the 18 upper limbs only elbow and thumb and finger extension were restored via nerve transfers. In this upper limb, finger flexion was not restored because of poor donor nerves. We opted for later reconstruction of finger flexion by a tendon transfer. All patients had complete spinal cord lesions (American Spinal Injury Association [ASIA] Impairment Scale Grade A) as a result of road traffic accidents, and all had undergone surgery for spine stabilization and/or spinal cord decompression during the 1st week after the accident. Surgery for global upper limb restoration was performed at a mean of 7.6 months (SD 4 months) after the accident. None of the patients had traumatic brain injury or cognitive impairment following the accident. In 4 upper limbs, the motor level of injury was C-5 according to International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI), 10 and all 4 limbs met the criteria for Group 1 of the International Classification for Surgery of the Hand (ICSH). 10 In 10 of the 17 upper limbs in which nerve transfer was performed for restoration of finger flexion, the motor level of injury was C-6. In 3 of these 10 upper limbs, both the extensor carpi radialis brevis (ECRB) and the extensor carpi radialis longus (ECRL) were functional and these upper limbs were scored as ICSH Group 4. In 3 other upper limbs, the motor level of injury was C7; their ICSH classifications were Group 3 in 1 case and Group 7 in 2 cases. We used clinical examination based on tendon palpation to determine the status of the radial wrist extensors. To test the ECRL, the forearm was pronated, while the wrist was extended to 20° and deviated toward the ulna with the fingers flexed. The examiner resisted radial deviation while palpating the tendon of the ECRL at the base of the second metacarpal. The ECRB tendon was palpated at the base of third metacarpal during resisted wrist extension with the wrist pronated and in 20° of extension. If, during the proposed testing maneuver, the examiner's fingertip moved 3-4 mm, as detected by palpation and visual assessment, despite resisting motion, the tested muscle was deemed preserved. Details of the clinical examination of wrist extensors can be obtained elsewhere. 3 Surgery was performed under general anesthesia without muscle relaxants. For finger flexion restoration, the recipient nerve was the anterior interosseous nerve (AIN) in 9 limbs or median nerve motor fascicles related to the AIN at the midarm in 8 limbs. The donor nerve was the nerve to the brachialis muscle in 8 limbs, the nerve to the brachioradialis muscle in 4 limbs, and the nerve to the ECRB in 5 limbs. When the ECRB was functional it was our first choice as a donor for transfer. When the ECRB was paralyzed, we used either the nerve to the brachialis or the nerve to the brachioradialis, with no further specific criteria for donor nerve selection. No randomization was employed in this study.
In 3 limbs in which we used the nerve to the brachialis as the donor nerve for transfer to the AIN, we made a long incision from the upper third of the arm to the antecubital fossa (Fig. 1) . In the arm, we located the musculocutaneous nerve, the biceps motor branch, and the nerve to the brachialis, which was dissected as distally as possible. In the elbow, we located the AIN and dissected it in a retrograde fashion to a point where coaptation with the nerve to the brachialis was possible without tension. This necessitated extended dissections of approximately 15-18 cm within the median nerve. In no instance was there a clear anatomic plane of separation of the AIN from other fascicles of the median nerve. In the remaining 5 limbs, to minimize surgery by avoiding extended dissection of the AIN, we selected recipient motor fascicles within the median nerve by electric stimulation. Because many AIN motoneurons are located below the site of the spinal cord lesions, despite paralysis following interruption of supraspinal control, median nerve fascicles forming the AIN do not undergo Wallerian degeneration and electric stimulation can reveal those fascicles aiming at thumb and finger flexion. Through a 10-cm-long incision in the upper arm we dissected the nerve to the brachialis and the median nerve. On the medial side of the median nerve we performed a longitudinal 15-mm-long epineurotomy and separated the nerve fascicles. One or 2 posteromedially located fascicles that induced flexion of thumb and fingers following electrical stimulation were sectioned and coapted with the nerve to the brachialis (Fig. 2) .
When we used the nerve to the brachioradialis muscle as the donor for nerve transfer to the AIN, we used a Y incision centered on the antecubital fossa (Fig. 3) . The medial limb of the Y incision allowed us to dissect the AIN proximally within the median nerve, whereas the lateral limb was used to locate the nerve to the brachioradialis. Proximal dissection of the AIN was always necessary to permit direct coaptation with the nerve to the brachioradialis. For coapting the ECRB with the AIN (Fig. 4) , we used an oblique incision placed on the antecubital fossa as previously described. 9 In all cases, we used intraoperative electrical stimulation to confirm the identity and health of donor and recipient nerves. For electrical stimulation, we used an insulated 21-gauge needle (Contiplex D; B. Braun Melsungen AG) connected to a nerve stimulator (Stimuplex HNS 11; B.
Braun Melsungen AG). We performed all nerve coaptation under the microscope using 9-0 monofilament sutures.
After surgery, an arm sling was used for 7-10 days. Patients received no special physiotherapy training. They received 4 cycles of 5 doses of nandrolone (50 mg for the male patients and 25 mg for the 1 female patient) administered intramuscularly once every 15 days, with an interval of 30 days between cycles, as previously reported. 6 At the last follow-up visit, which occurred an average of 16 months after surgery, we evaluated the range of finger flexion and strength as per British Medical Research Council guidelines. 16 We defined complete flexion as all fingertips touching the palm of the hand with the wrist at neutral to avoid any tenodesis effect promoted by wrist extension. We deemed as "failure" any case in which strength of at least M3 was not achieved.
A summary of the demographic and clinical characteristics of the 9 patients in this series is shown in Table 1 .
results
We observed recovery of M3 or better finger flexion strength in 10 of the 17 surgically treated upper limbs. Failures were associated with either transfer of the nerve to the brachialis to motor fascicles of the AIN at the proximal arm or with transfer of the nerve to the brachioradialis to the AIN. There were no failures in cases in which the nerve to the brachialis was connected to the proximally dissected AIN or when the nerve to the ECRB was transferred to the AIN. After proximal dissection of the AIN for connection with the nerve to the brachialis, all patients complained about numbness on the radial side of the hand; this numbness disappeared within 3 months after surgery. Elbow flexion strength was preserved in all patients in whom either the nerve to the brachialis or the nerve to the brachioradialis was harvested for transfer. Wrist extension power was not downgraded in any patient in whom the motor branch of the ECRB was used; all scored M4 in wrist extension strength.
The results with respect to restoration of finger flexion are summarized in Table 1 .
Discussion restoration of Finger Flexion
Transfer of the Nerve to the Brachialis to the AIN After epineurotomy and single fascicular electric stimulation, similarly to Mackinnon et al., 20 we found motor fascicles of the AIN in the posteromedial quadrant of the median nerve. This differs from the findings of Sunderland, 29 based on cadaveric dissection, and Pham et al., 27 based on MRI findings in patients with AIN palsy. Sunderland 29 and Pham et al. 27 indicated that motor axons of the AIN are located in the posterolateral quadrant of the median nerve. Differences between these findings are probably related to the method used to determine the location of the AIN fascicles within the median nerve.
Transfer of the branch to the brachialis to the AIN or to median nerve motor fascicles resulted in M3 strength recovery in 3 limbs and M4 in one limb. We identified 4 failures (i.e., M0-M2 strength). We speculate that failures and inconsistency of M4 strength recovery might be related to 5 possible causes, including 1) short duration of follow-up, 2) the distance of the nerve coaptation being very far (more than 15 cm) from the motor endplates of the finger flexors, and 3) the plexiform disposition of the median nerve fascicles. Interconnections between fascicles of the median nerve might induce axonal growth dispersion. We have previously suggested that the internal architecture of nerve trunks might be deleterious for axonal regrowth. 7 Proximal dissection of the AIN was associated with better outcomes, presumably because section of nerve fiber interconnections during dissection section resulted in a more direct axonal regrowth, thus decreasing axonal dispersion. A fourth possible reason for the observed failures and inconsistency of M4 strength recovery could be the scattered disposition of motor fascicles within the median nerve. At the root of the limb, connection of the nerve to the brachialis to fascicles aimed at finger flexion does not address all fibers of the AIN. This might account for partial reinnervation of the finger flexors. This scattered disposition of motor fascicles allows fascicle harvesting for transfer without causing a functional downgrade of finger flexion strength. 30 In this connection, dispersion of motor fibers within the median nerve might be responsible for spontaneous recovery and improved results after nerve transfer using the nerve to the brachialis as the donor nerve and the AIN as the recipient. 32 The fifth possible cause involves limited specificity of electric stimulation for recipient motor fascicles selection within the median nerve. In upper root brachial plexus injuries, for elbow flexion reconstruction, after intraoperative electric stimulation, motor fascicles of the ulnar nerve are transferred to the biceps motor branch. 5 After reinnervation, we observed that squeezing the biceps muscle produced numbness in the ulnar fingers, indicating that our transferred fascicles were not pure motor fascicles. 2 In fact, at the root of the limb, all nerve fascicles are mixed. 4 Possibly many motor axons from the nerve to the brachialis got misrouted into sensory pathways during regeneration. Some surgeons have suggested that motor axons preferentially reinnervate sensory pathways. 4, 21 Fox et al. 12 have also observed the absence of M4 finger flexion strength recovery following transfer of the nerve to the brachialis to median nerve motor fascicles in the arm. In contrast, Krasuski and Kiwerski 19 observed M4 finger flexion strength recovery in 16 of 42 tetraplegic patients in whom the branch to the brachialis and the lateral antebrachial cutaneous nerve were transferred to the median nerve. After a minimum follow-up of 24 months, they observed that good results were clearly associated with age of less than 25 years and surgery within 3 months after accident. The fact that we have not addressed the entire median nerve, the longer interval between accident and surgery, and greater patient age may explain our lack of M4 strength recovery in 7 of 8 limbs. In the single case in which we observed M4 finger flexion recovery, the patient was 18 years old at the time of surgery and the surgery was performed 6 months after his accident. In midcervical spinal cord lesions, distal cutaneous sensation is better preserved than distal motor function, which implicates sensory preservation on the territory of the median nerve. 33 Therefore, in our opinion the major drawback of the surgery described by Krasuski and Kiwerski 19 is disturbing hand sensation by total division of the median nerve.
Transfer of the Nerve to the Brachioradialis to the AIN Despite nerve coaptation close to the motor endplates, use of the nerve to the brachioradialis for transfer to the AIN resulted in poor outcomes, with only a single instance of M4 strength recovery among 4 limbs, and even that single instance resulted in incomplete range of finger flexion. The poor outcomes may be related to 2 factors. 1) The number of motor axons in the nerve to the brachioradialis may be insufficient for AIN neurotization. The mean number of myelinated fibers in the nerve to the brachioradialis was reported to be 550 ± 64 in an anatomic study, whereas the corresponding number in the AIN was 2266 ± 274. 13 Hence, myelinated fibers within the nerve to the brachioradialis correspond to only 24% of those in the AIN. Ideally, the number of myelinated fibers in the donor nerve should be at least 70% of the number in the recipient nerve. 28 2) Partial motoneuron loss may occur after a spinal cord injury, and this would decrease muscle strength as well as the number of nerve fibers available for transfer. In the concomitant paralysis of the radial wrist extensors, the brachialis may be partially denervated. 17 It is important to note that it is difficult to determine brachioradialis muscle strength preoperatively. The brachioradialis is an elbow flexor, and it cannot be tested separately from the biceps and brachialis muscles. In general, it is tested by palpation of its belly during elbow flexion, but this is only an indirect measure of strength. 17 Transfer of the Nerve to the ECRB to the AIN We observed complete finger flexion with M4 strength in all 5 limbs in which the nerve to the ECRB was transferred to the AIN. These good outcomes resulted from nerve coaptation close to the motor endplates, with axons navigating from one to another pure motor nerve. When the fingers are flexing, the ECRB co-contracts to stabilize the wrist, avoiding concomitant wrist flexion provoked by the contraction of finger flexors. The more strongly the fingers flex, the more strongly the ECRB co-contracts. 3 This synergistic action of the ECRB with finger flexors possibly favored functional recovery. This concept of synergistic co-contraction is totally different from the established axiom that wrist extension promotes finger flexion. In the latter concept, wrist extension promotes secondary finger flexion mechanically, by increasing the distance between the origin of the long flexors and their insertion. 33 We observed recovery of finger flexion in all fingers, including those innervated by the ulnar nerve in 4 of 5 upper limbs.
Possibly this occurred because of intermuscular nerve connections between the ulnar nerve and AIN branches and because of flexor digitorum profundus tendinous interconnections. 8 After harvesting the branch of the radial nerve to the ECRB for transfer, wrist extension, not associated with radial deviation, was preserved in all our patients. This possibly results from preservation or reinnervation of the extensor carpi ulnaris following transfer of the nerve to supinator to the posterior interosseous nerve. Unfortunately, the ECRB might be paralyzed and not available for transfer in a great number of patients with tetraplegia. Our clinical method for testing the ECRB and ECRL by tendon palpation 3 was reliable because of the clinical recovery of finger flexion and preservation of wrist extension after harvesting of the nerve to the ECRB. After harvesting of the radial nerve branch to the ECRB, in case of failure of the nerve transfer, the ECRL would not be suitable as a donor to tendon transfer for finger flexion. In this situation, potential donors would be the brachioradialis and the brachialis muscles. 4 
Peripheral versus Central nerve Palsy
In cervical spinal cord injuries, central and peripheral parts of the motor system can be affected. 13 Effects on the motoneuron pool and peripheral nerve system leads to a flaccid paralysis with muscle denervation and pronounced atrophy. Palsy resulting from a pyramidal tract lesion produces no muscle denervation, and consequently it is possible that delayed reinnervation is less important than in the peripheral type of palsy. 11 In a previous study we identified a peripheral type of palsy in 22 of the 27 recipient nerves. 6 In the present study, no peripheral type of palsy was demonstrated following AIN electrical stimulation. In both studies, the spinal cord injuries were located at the C-6 level or above. The differences between these 2 studies might be related to muscle sampling. In the former study we sampled muscles with the motoneuron pool located above or at the spinal cord lesion site (i.e., the triceps), whereas in the present study we sampled muscles innervated by motoneurons that originate below the lesions (i.e., finger flexors). Similar findings concerning finger flexor muscles have been previously reported for electrophysiological studies in patients with tetraplegia due to cervical spinal cord injury.
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Study limitations
Limitations of our study include the small number of patients and the fact that they underwent different surgical procedures. We did not base our indications for nerve transfer surgery on electrophysiological studies because electromyograms do not reflect either muscle strength or volitional control. 31 We did not objectively study finger flexion strength recovery nor did we study the impact of finger flexion restoration in daily activities.
Conclusions
In patients with tetraplegia, finger flexion can be restored by nerve transfers. The ECRB is a better donor than the nerve to the brachialis or the nerve to the brachioradialis.
